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ChannelThe association of tubulin with the plasma membrane comprises multiple levels of penetration into the
bilayer: from integral membrane protein, to attachment via palmitoylation, to surface binding, and to
microtubules attached by linker proteins to proteins in the membrane. Here we discuss the soundness and
weaknesses of the chemical and biochemical evidence marshaled to support these associations, as well as the
mechanisms by which tubulin or microtubules may regulate functions at the plasma membrane.
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Tubulin, present in all eukaryotes, is an abundant, hydrophilic,
heterodimeric protein that is the chief component of microtubules,
ciliary axonemes, basal bodies and centrioles. The bulk of the tubulin
is composed of two similar but not identical subunits, α- and β-
tubulin, that normally exist in the dimeric form. The dimer is in
dynamic equilibrium with microtubules which are, in turn, regulated
by GTP, temperature, calcium ion, accessory proteins, and a large
number of drugs that modify the state of polymerization and dynamic
instability. Specialized forms of tubulin, γ, δ, and ɛ, though less
abundant, also play important roles in these equilibria.
The α- and β-monomers have a mass of ∼50 kDa, have acidic C-
termini which deﬁne the isotypes, contain 12 and 8 sulfhydryl groups,
resp., and are subject to a large number of post-translational
modiﬁcations. Tubulin is primarily a cytoplasmic protein present
either as dimers or microtubules, but a small, though signiﬁcant,
fraction is ﬁrmly associated with organelle or plasma membranes. We
shall deal here only with plasma membrane-associated tubulin. The
complex nature of this membrane tubulin is examined in decreasing
order of ﬁrmness of membrane attachment in the form of dimers or
microtubules, either directly or via linker proteins.
Many studies in the early 1970s found ‘presumptive’ tubulin
associated with various particulate fractions derived from cells or
tissues, especially brain [1–11] and references therein. Bywhat criteria
was this presumptive tubulin identiﬁed? Was it really tubulin? Was it
contamination from cytoplasmic tubulin added during particle
isolation? What was the evidence?
1.1. Size
Both α- and β-tubulin monomers have a mass of ∼50 kDa but can
appear larger on SDS gels, with α-tubulin migrating more slowly than
β-tubulin as described in the section on detergents. However, many
proteins in this mass range exist and gel size alone is not sufﬁcient for
identiﬁcation in crude homogenates.
1.2. Colchicine binding
With the identiﬁcation that tubulin is the colchicine binding protein
(KD∼1–3 μM, one site) [11,12], tubulin began to be found nearly
everywhere in the cell, especially in association with most, though not
all, particulate fractions. Colchicine binding is reasonably speciﬁc for
tubulin (it is neutral and water soluble despite the hydrophobicity
inferred from its structure); while speciﬁcity is not absolute and
antibodies have been prepared, there are few known other binding
proteins. In the early years, binding was not carefully enough carried
out as demonstrated by the experience with fractions from liver
homogenates, particularly plasma and organelle membranes, which
appeared to contain abundant colchicine binding activity [13]. How-
ever, a subsequent study from the same group concluded that virtually
all of this colchicine binding was non-speciﬁc and did not behave like
soluble tubulin by the following criteria: bindingwas not saturable, not
sensitive to heating (90 °C, 30 min) and lumicolchicine, an inactive
photoproduct of colchicine, bound as well as colchicine [14,15]. That is
not to say that liver membranes don't contain tubulin, only that the
amounts are much smaller than in brain-derived membranes. Thus,
clean plasma membranes from liver or ascites cells derived from liver,
contain tubulin bymore rigorous criteria [16,17].With care and suitable
precautions, colchicine binding has become a useful tool for the
identiﬁcation of tubulin from higher eukaryotes.1.3. Chemical methods
Though substantially more laborious, comparisons of membrane-
derived material with known tubulin, including amino acid analysis
(especially the high content of acidic amino acids;[3,6], peptide
mapping [3,8,18], two-dimensional electrophoresis (note that this was
well before mass spectrometry was available), and extraction from
puriﬁed membranes have made identiﬁcation secure.
1.4. Antibody identiﬁcation
Western blotting and titrationwith anti-tubulin antibodies (which
are commercially available) against a tubulin standard is highly
speciﬁc (although enolase, with a C-terminal glu-tyr, like some alpha
tubulin, also reacts with anti-tubulin antibodies [19–21].
1.5. Contamination
The problem of extrinsically contaminating tubulin in particulate
preparations (especially from brain with its high tubulin content) has
been approached by extensive washing procedures and, more reliably,
by the addition of labeled tubulin to homogenates before separation
procedures are begun. The critical assumption is that the label does
not adversely affect the properties of tubulin; when this is not assured
results are uninterpretable. For example, radioiodine labeling of
tubulin with chloramine T (a powerful oxidizing agent) will oxidize
some of the 20 SH groups of tubulin yielding a product that no longer
resembles native tubulin sufﬁciently [18]. However, convincing data
have been obtained with the Hunter–Bolton technique and with
metabolically labeled tubulin using 3H- or 14C-labeled amino acids
[4,20,22–24] which show that b1% of added labeled tubulin will be
retained with the thoroughly washed membrane fraction despite the
high afﬁnity, reversible, binding of tubulin to membranes discussed
below. Thus, the association of tubulin with various well washed
cellular membranes is now reasonably secure, be it inside vesicles or
on surfaces of open membranes, and is not an artifact of membrane
isolation. As the microtubule diameter exceeds membrane thickness,
it is unlikely that intact microtubules reside within the bilayer. But the
nature of tubulin attachment is often not clear despite major efforts to
understand this. Is tubulin directly attached to the membrane and if
so, is this covalent or not? Is it attached via linker proteins or
receptors? Or is the dimer embedded within the membrane matrix?
Residence within the membrane is likely to require hydrophobic
interactions. Is it possible that this very water-soluble protein
(N100 mg/ml) has sufﬁcient hydrophobic surface clusters to provide
at least one transmembrane helix? Hydropathy proﬁles show a few
short hydrophobic regions in both monomers [25]. Barring major
conformational changes upon binding, examination of the electron
crystallographic structure (to 3.5 Å) [26] does not reveal a sufﬁciently
long surface hydrophobic domain for transmembrane penetration.
The possibility that a number of strategically placed small hydro-
phobic patches can provide enough of an apolar surface to promote
surface lipid binding has not been ruled out [27,28]. From the crystal
structure of the RB3 (stathmin-like) long helix/2 tubulin dimer
complex we learn that a substantial fraction of the contacts between
the two proteins is composed of charged or polar amino acids [29,30].
Thus, peripheral tubulin attachment may have different requirements
than integral membrane tubulin. Although there is no evidence to
support this, it is tempting to suggest that the M loop of both tubulin
monomers, which are involved in (partly ionic) lateral interactions
between protoﬁlaments, may serve a similar role in attachment of
1417J. Wolff / Biochimica et Biophysica Acta 1788 (2009) 1415–1433tubulin tomembranes ormembrane proteins [26]. The highly acidic C-
termini of both α- and β-tubulin would have to protrude from the
membrane or its surface unless neutralized by basic residues.
Nevertheless, there is evidence for hydrophobic surface properties
and a variety approaches to answer this question have been used,
including ﬂuorescent dyes, detergents, artiﬁcial membranes, post-
translational modiﬁcations, sequestering in lipid rafts, etc. We shall
examine these in detail below.
2. Hydrophobicity measures
2.1. Fluorescent probes
Numerous ﬂuorescent dyes have been used in conjunction with
tubulin including markers on antibodies and labels on antimitotic
drugs such as colchicine and taxol. Because the latter involve speciﬁc
drug binding interactions, they do not necessarily provide unambig-
uous information about hydrophobic domains in tubulin. On the other
hand, certain polarity-sensitive ﬂuorophores have revealed potential
hydrophobic surfaces, particularly ANS (1-anilino-8-naphthalene
sulfonic acid) and its analogues. In most hands only one binding site
for ANS has been found in native tubulin [31–34]. Binding shows a
KD∼30 μM and is accompanied by a large blue shift in emission,
suggesting a hydrophobic environment. Whether or not the two ANS
binding sites on platelet tubulin result from a tissue difference or mild
denaturation is not known [34]. Low concentrations of urea (1–2 M)
lead to amarked and time-dependent increase in ANS bindingwith no
change in emission maximum [35]. This may be ascribed to local
unfolding, possibly leading to preferential binding to a molten
globule-like state [36]. Further unfolding with higher urea concentra-
tions abolishes this ﬂuorescence increase suggesting some higher
order structural requirements for binding. A higher afﬁnity analog of
ANS called bisANS (9,9′-bis-1,8 anilino naphthalene sulfonic acid) was
found to bind to tubulin with a high quantum yield for a single site. In
addition, the dye inhibited tubulin polymerization [33]. Numerous
subsequent studies have conﬁrmed such binding, however, the
process is complex and many secondary lower afﬁnity sites may
appear as a function of time and dye concentration, suggesting that
these changes are the result of tubulin denaturation by this dye
[37,38]. It must also be pointed out that ANS and bisANS are
amphipathic polarity probes with acidic sulfonate groups, hence
ionic factors may also be involved in binding [39].
Another amphipathic probe is DAPI (4′,6-diamidino-2-phenyl
indole); usually considered a DNA-binding ﬂuorophore this di-cation
binds to tubulin with a stoichiometry of 1/dimer and a KD∼43 μM. It
promotes a mild enhancement of polymerization and a lower critical
concentration for polymerization, as might be expected from its basic
nature [40,41]. Its afﬁnity for tubulin is increased in the polymer to a
KD∼6 μM. Again, an ionic contribution to its interaction seems likely,
probably at the acidic C-termini of α- or β-tubulin.
Other probes for hydrophobic surfaces include Prodan (6-propio-
nyl-2-dimethylamino naphthalene) with one binding site
(KD∼20 μM) that competes for the ANS region [42]. Higher afﬁnity
binding is seen with 9-(dicyanovinyl)julolidine which binds to oneTable 1
Fluorescent probes used with tubulin.
Name Chemical name λEx nm λEm nm Tub
ANS 1-anilino-8-naphthalene sulfonic acid 372 480 25–
Bis-ANS 9,9-bis-1,8-anilino naphthalene sulfonic acid 395 500 2–3
DAPI 4′,6-diamidino-2-phenyl indole 358 461 43(T
6(M
Prodan 6-propionyl-2-dimethylamino naphthalene 361 498 20
Julolidine 9-dicyanovinyl julolidine 433 500 1.1–
Nile Red 9-diethylamino-5H-benzo(α)phenoxazine-5-one 552 638 0.6
References in text: (T) = tubulin dimer; (M) = microtubules.site with a KD∼1.1 μM. A substantial fraction of its emission can be
ascribed to immobilization of the dye in the site, thus decreasing de-
activation of the excited state resulting from internal rotation etc.[43].
This also occurs with colchicine ﬂuorescence upon binding [44]. Yet
higher afﬁnity for tubulin (0.6 μM) occurs with Nile Red (9-
diethylamino-5H-benzo(α)phenoxazine-5-one), a highly polarity-
sensitive dye. There are two binding sites with different properties
(ﬂuorescent life time, λmax, quenching and solvent exposure) [45].
Two conclusions may be drawn given the above limitations: 1.
There are very few (1or 2) domains on native tubulin capable of
binding ﬂuorescent probes for hydrophobic surfaces. While the size of
these hydrophobic domains is probably small, it is, nevertheless,
signiﬁcant because tubulin binds to octyl sepharose [46], and because
tubulin is thought to have chaperone-like activity [47]. 2. Within this
group of dyes there is a rough correlation between afﬁnity and
hydrophobicity of the ﬂuorophores. Because some dyes block tubulin
polymerization, carry charge, and, in some cases, may cause mild
denaturation, their usefulness for identifying native hydrophobic
surface domains sufﬁcient for membrane insertion is limited. These
ﬂuorophore results are summarized in Table 1. It should be noted that
all probes are polarity-sensitive, show a large Stokes shift, but vary
markedly in their water solubility. Additional information on
ﬂuorescent probes for tubulin can be found in www.probes.com.
2.2. Detergents
Detergents (surfactants) are the principal tools for solubilizing
membrane components by partitioning into the membrane bilayer,
displacing lipids from hydrophobic surfaces of proteins, and forming
mixed micelles with protein and lipids. The structured water around
the hydrophobic chains is released (with an increase in entropy)
causing aggregation into micelles with their polar groups facing
outward. This permits the formation of stable dispersions in aqueous
media. Detergents may also break protein/protein interactions
depending on their chemical nature. In many cases the detergent
can be removed from proteins by dialysis if the critical micelle
concentration is high, or by hydrophobic resins if it is not, and
sometimes native proteins can be recovered after extractionwith non-
ionic detergents. Detergent binding to tubulin has been studied in
detail by Andreu and coworkers [48–50]. The number of ‘easily
accessible’ hydrophobic regions of ‘native’ proteins is greater for
detergents than found for the ﬂuorophores (see above) but it is likely
that additional sites become exposed upon detergent treatment. Half-
saturation with deoxycholate occurred at 3.1 mM, at 21 mM for octyl
glucoside and at 0.3 mM for Triton X-100. Binding was near saturation
at the critical micelle concentration, was cooperative, and preferred
over self-association of the detergent. Mole ratios were ∼106 for
deoxycholate and 86 for octyl glucoside [48]. With these detergents
therewas little change in the tryptophan environment, i.e. exposure to
the solvent (as opposed to SDS where there is a red shift), but some
loss of α-helix content occurred. While there is loss of polymerization
competence or colchicine binding in the presence of the detergents,
this effect is reversible upon removal of NP-40 or octyl glucoside
[49,50].ulin KD (μM) Comments
30 Also low afﬁnity sites large binding blue shift amphipathic
Blocks polymerization May denature tubulin
) Binds DNA, water soluble, amphipathic
)
Competes for ANS site
4.3 Molecular rotor, near dimer/dimer contact
2 different polarity sites poorly water-soluble Nile blue contamination
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interaction between the α-monomer and the anionic alkyl sulfates.
Although the α- and β-monomers have nearly identical sequence
molecular masses (Mr), they can be widely separated on denaturing
polyacrylamide gels employing certain preparations of sodium
dodecyl sulfate (SDS). Best et al. ﬁrst showed that this is a function
of contaminating higher alkyl sulfates (NC-12) in such preparations
[51]. It does not occur with pure SDS [49]. Stephens studied this
phenomenon in detail and found that addition of C-14, C-16 and C-18
sulfates to pure C-12 SDS could reproduce this effect leading to a δMr
of as much as 12,000–13,000 between the α- and the faster moving
β-monomer [52]. This is ascribed to greater binding of higher alkyl
sulfates to α-tubulin than β-tubulin and proteolytic cleavage of α-
tubulin reveals that the excess binding of higher alkyl sulfates occurs
in the C-terminal portion, after Arg 339 but before the acidic tail [53]
This α-tubulin property may also be in evidence in the preferential
membrane retention of α-tubulin from various synaptic membranes
following extraction with detergents [9,54–56]. Similarly, newly
synthesized α-tubulin is preferentially retained on endoplasmic
reticulum membranes [57] and the β-tubulin is relatively more
accessible to proteases. Whether or not this is physiologically
signiﬁcant or merely reﬂects a difference in hydrophobicity is not
known. This difference between α- and β-tubulin has also been
exploited for the separation of these two monomers on C-18 columns
[52,56,58] (see below). While the hydropathy proﬁles of the two
monomers are quite similar, one might nevertheless propose that α-
tubulin would have to contain more hydrophobic patches large
enough to accommodate C-18 alkyl chains than β-tubulin.
It has been proposed that a number of detergent micelles, notably
NP-40, promote microtubule assembly as measured by turbidity or
viscosity. However, the mass of sedimentable protein is unchanged
and it is likely that the shape or size of the phospholipid vesicles was
altered by tubulin to account for these changes [59].
2.2.1. Triton X-114
The special properties of another detergent, Triton X-114, have
provided a method for assessing the hydrophobic properties of
proteins (and perhaps identifying them as integral membrane
proteins). Aqueous solutions of non-ionic detergents exhibit a
temperature-dependent phase separation; they form detergent
micelles and become cloudy. The temperature at which this occurs
is called the ‘cloud point’ and hydrophobic molecules distribute into
the organic (detergent) phase when the temperature exceeds the
cloud point. To be useful with proteins this phase separation has to
occur at temperatures compatible with the native state of proteins.
Unlike most detergents, Triton X-114 has a cloud point of 22 °C (1%
solution) whereas e.g. Triton X-100 separates at 65 °C.
A signiﬁcant fraction of tubulin (as much as 8% of total brain
tubulin, [60], although most ﬁnd less) extracted from a variety of
membranes has been shown to distribute into the Triton X-114
detergent phase when the solution is warmed above the cloud point.
This can be done using tubulin ﬁrst extracted by Triton X-100 or NP-40
followed by subsequent separation by Triton X-114, or by direct
extraction with the latter detergent [23,60–63]. Cytoplasmic tubulin
remains in the aqueous phase. It has also been reported that
membranes from liver and kidney contain little hydrophobic tubulin
[60]. Barra and coworkers have shown that much of the detergent
phase tubulin is in the acetylated form (at α-Lys 40). It is, however,
difﬁcult to understand how the potential reduction of one positive
charge and the addition of one methyl group can be sufﬁcient to alter
the polarity of the very water-soluble tubulin and reverse its
distribution, and it is likely that the acetylation requirement is a
speciﬁc effect. More hydrophobic, modiﬁcations on tubulin may have
been present in the detergent phase tubulin that reacted with the anti
α-acetyl-tubulin antibody used to identify this tubulin [60,63–65]. In
the so-called membrane/axonemal tubulin obtained from cilia andﬂagella (see below) only a very small fraction is distributed into the
detergent phase of X-114, [66,67]. Thus, while tubulin is not, in its
unmodiﬁed form, sufﬁciently hydrophobic to distribute into the
detergent phase of X-114, modiﬁcationwith non-polar molecules may
reverse its distribution from the aqueous to the detergent phase. Such
modiﬁcations do not necessarily indicate that this more hydrophobic
tubulin is an integral membrane protein, but penetration into the
phospholipid phase of the membrane would certainly be facilitated.
2.3. Phospholipids
Biological membranes contain multiple phospholipids (PL) that
differ between the outer and inner leaﬂets as well as inmicrodomains.
In order to study their role unencumbered by other proteins present in
the membrane, phospholipids vesicles have frequently been used as
models, and useful principles have been derived from such studies.
We shall distinguish here between uncharged (neutral) PL such as
phosphatidyl choline (PC) or phosphatidyl ethanolamine (PE) and
phospholipids which carry negative charge such as phosphatidyl
serine (PS), carliolipin-phosphatidyl glycerol (PG), phosphatidyl
inositol (PI) or phosphatidic acid (PA).
2.3.1. Neutral phospholipids and lipids
Preliminary studies hinted at an association of PL with tubulin
preparations on the basis of organic solvent extractable 32PO4 used
during attempts to phosphorylate tubulin [68–71]. A diglyceride
kinase was also detected [72]. The purity of these tubulin preparations
was not certain, however, and with highly puriﬁed porcine brain
tubulin, 2 mol of PL phosphorus/dimer were found to co-purify with
the protein. This phosphate represented a mixture of the common PL.
The separately puriﬁed MAPs fraction also contained PL but
stoichiometry could not be established [73].
Tubulin was found to interact with small unilamellar vesicles
composed of dimyristoyl (C-14) or dipalmitoyl (C-16) phosphatidyl
choline. Depending largely on the length or saturation of the alkyl
chains, such phospholipids can exist either in the gel (crystalline) or
liquid state as a function of temperature. The transition temperature
(Tt) between these states determines whether the phospholipids are
present in the mesophase (smectic or nematic, in which the alkyl
chains are aligned) or are random (liquid). Klausner et al. [74] found
that tubulin would form stable complexes with PC vesicles only at the
phase transition as judged by dye leakage from the vesicle. This did
not occur in the gel or liquid phases. Once formed the complex was
stable even at lower temperatures. On the other hand, stable binding
of tubulin or microtubule protein to egg lecithin vesicles in the liquid
state or with vesicles of mixed PC and PS has been reported [75,76].
These authors also thought that cysteine oxidation was required for
this distribution of tubulin. While tubulin has several highly reactive
cysteines [77,78] which could be oxidized near the external cell
surface, such oxidation is more likely to have been an artifact of
preparation, possibly enhanced by the presence of phospholipid
peroxides derived from unsaturated fatty acids [79]. The discrepancy
regarding the requirement for the transition state has not been
resolved.
Formation of the tubulin/vesicle complex leads to the following
phenomena: a. Vesicles of dimyristoyl phosphatidyl choline can
extract a protein of the mass of tubulin from crude brain homogenates
as well as from solutions of puriﬁed tubulin [75]. b. Vesicles become
leaky and spill intravesicular contents as a function of tubulin
concentration. Albumin, immunoglobulin, MAPs, chymotrypsin or its
soybean inhibitor, and ovalbumin do not change vesicle permeability.
On the other hand, certain other proteins also form vesicle complexes.
These include HDL lipoproteins, M13 bacteriophage coat protein, actin
and components of complement [74]. Such proteins have been named
“amphipotential”, i.e. proteins that can exist in both aqueous or lipid
phases. Another property is their distribution into the organic phase of
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complex cannot interact with additional vesicles. The pertinent
domains for this interaction are thus buried in the vesicle wall.
Complex formation is not salt sensitive hence ionic interactions play
only a minor role (conﬁrming the hydrophobic nature of binding).
Surprisingly, MAP and colchicine binding persisted in the vesicle-
bound tubulin [74]. Caron and Berlin [76] found that tubulin binding is
reversible, and extravesicular microtubule assembly can be promoted
by tubulin competed off the vesicles. Such desorption is blocked when
MTassembly is blocked by colchicine, i.e. when there is no demand for
the dimer. d. Electron microscopic pictures of the tubulin/vesicle
complex show that the vesicle wall is decorated with tubulin or
oligomers, but notmicrotubules, and that this structure is stable under
these conditions[74]. The oligomer has not been further studied. Thus,
a variety of interactions between tubulin and model PL membranes
demonstrate the potential for both integral and peripheral
attachments.
What happens to the tubulin that is vesicle bound?
1. Tryptophan emission is blue-shifted as might be expected from
residence in a more hydrophobic environment and at least some of
the tryptophans are less accessible to acrylamide quenching. The
modest decrease in quantum yield is not explained [80].
2. Circular dichroism reveals a marked increase in α-helix content
from 28 to 49% [80].
3. Vesicle-bound tubulin is less accessible to tryptic cleavage, and the
pattern of cleavage is altered [80].
4. Tubulin enhances the Ca++-induced fusion and aggregation of
dipalmitoyl phosphatidyl choline vesicles [81].
5. When tubulin is introduced into the interior of liquid phase
(dioleolyl phosphatidyl choline/dioleoyl phosphatidyl serine)
vesicles, it can be assembled to microtubules (in the presence of
GTP, warm temperature, etc.). Such polymerization provides
enough mechanical energy to change the shape of the vesicle
from a sphere to something like a matchstick. The details of the
contact between the growing end and the surface of the inner
leaﬂet are not known but vesicle fusion may occur [82,83].
6. When exogenous phospholipids were added to microtubule
protein under polymerizing conditions, PE, but not PC, lysoPC or
lysoPE increased turbidity in a concentration-dependent manner
[73]. It must be pointed out, however, that tubulin tends to change
the size of PL vesicles hence turbidity alone is not a reliable
measure of increased MT assembly [81]. Phospholipids also
promote in vitro formation of tube-like structures from crude
tubulin preparations [84]. This may require the presence of motor
proteins [85].
It is of interest that KiRas4B, despite its C-terminal oligolysine
cluster, requires prenylation (either farnesylation or geranyl-gerany-
lation) to bind to tubulin or microtubules, suggesting a lipid-binding
region on tubulin [86]. A number of other farnesylated G proteins with
polybasic patches do not bind tubulin so there is a degree of speciﬁcity
here. The lysine cluster is also essential for binding [87]. A
requirement for lipid modiﬁcation of proteins to enable binding to
tubulin has also been shown for the α- and γ-subunits of the trimeric
G proteins (see below) [88]. Interference with prenylation has
profound effects on the intracellular distribution of microtubules as
will be discussed below [89].
2.3.2. Acidic phospholipids (PG, PS, PA, PI)
A very different type of interaction is seen with acidic phospho-
lipids, one dominated by negative charge. Whereas neutral and
cationic liposomes interact strongly with tubulin and microtubules
[90], acidic liposomes interfere with such interactions. Acidic
phospholipids and vesicles derived from liver Golgi, plasma and
mitochondrial membranes inhibited polymerization of brain micro-
tubule protein (containing 10–20% microtubule-associated protein,MAPs) [16]. One of these, MAP2, contains a 30 kDa microtubule
binding domain with a pI∼10 [91] that accounts for part of its
assembly-promoting properties shared also by other cationic poly-
mers or oligomers [92–94]. Joniau clariﬁed this apparent difference
between phospholipid interactions with tubulin by demonstrating
that MAPs, and not puriﬁed tubulin, bind preferentially to acidic
phospholipids in the ﬂuid phase, which compete for the interaction of
MAPs with tubulin thus inhibiting assembly [95,96]. PI vesicles were
far more effective inhibitors of this process than PS. Inhibition
depended on the presence of MAP2, and excess MAP2 could titrate
out anionic PL and reverse the inhibition [97]. It is noteworthy that
phosphoinositide-3-kinase interacts with tubulin and may have a
regulatory role there.
Another member of the MAP family, MAP1B, predominant in
developing brain, also interacts with PS, PA and Pi but not PC. This
again occurs at its basic tubulin binding domain for which the acidic
vesicles compete to remove MAP1B from the microtubule. PI was the
most effective, binding with high afﬁnity but the more acidic
phosphatidyl inositols, PIP and PIP2 were not more effective [98]
even though they are known to target polybasic domains effectively
[99]. The relative potencies of PL vesicle binding toMAP2, as measured
by inhibition of microtubule assembly and pelleting through a sucrose
cushion, were found to be PI≫PA≫PS=PG (PC was inactive)
[100,101]. Measurements revealed a single high afﬁnity site of
KD=221 nM and multiple sites of KD=1–3 μM. The high afﬁnity
site was unique for PI whereas the lower afﬁnity sites were shared
with the other acidic phospholipids and are thus considered non-
speciﬁc electrostatic interactions. Moreover, only MAP2 has the high
afﬁnity PI site; MAP2C (a splice product of MAP2) and tau protein
exhibit only the lower afﬁnity sites, possibly because phospholipids
induce a signiﬁcant conformational change as measured by:
1. Exposure of antigenic sites [102].
2. Changes in the exposure of phosphorylation sites, possibly due to
disaggregation of tau dimers [103], [102]depending on the choice
of kinase used.
3. Decreased association with microtubules in the presence of PS
[102,104].
4. Decreased proteolytic susceptibility[102].
Therefore, the polar head groups of the PL determine to a
signiﬁcant extent whether association is with tubulin or with
microtubule-associated proteins. As a consequence, tubulin may, or
may not, remain bound to MAPs depending on the phospholipid and
this, in turn, regulates the assembly of tubulin, and probably
attachment to biologic membranes. Charge repulsion will work in
the opposite direction.
Hydrolysis of the membrane phosphatidyl inositol (PI) yields the
secondary messengers, diacyl glycerol and inositol phosphates. With
the interest in PIP2 (phosphatidyl inositol 4,5 bisphosphate) in signal
transduction, it has been shown that PIP2NPIP3∼PIP [105] inhibit
microtubule assembly and thus increase the concentration of tubulin
dimer suggesting some degree of speciﬁcity. The role of charge, critical
micelle concentration, or the fatty acids has yet to be determined.
However, PIP2 associates with tubulin at the cell periphery and with
phospholipase Cβ1 (PLCβ1), leading to the proposal that this complex
of PIP2/PLCβ1/tubulin has regulatory functions in muscarinic signal-
ing[105], but it is not sure that this occurs at the cell membrane or
whether or not MAPs are involved.
It is of interest that a steroidal amphiphile, estramustine
phosphate, and other negatively charged estramustine derivatives,
bind to the tubulin binding portion of MAPs and inhibit microtubule
assembly [106].
Another acidic lipid that, however, interacts with tubulin is the
class of bacterial lipopolisaccharides (LPS) that carry four negative
charges. The two molecules co-elute on sizing columns and
speciﬁcally cross-link despite the fact that both moieties are
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both β-tubulin and MAPs (but not with α-tubulin or various other
proteins), the reaction is not primarily charge-based [107]. It remains
to be seen how important this may be in gram negative infections.
3. Plasma membrane tubulin
The standard operational deﬁnition for an integral membrane
protein is one that resists extraction by: repeated washing, high salt,
metal chelators, or sodium carbonate (pH 10) washes, and requires
non-ionic detergents to disrupt the phospholipid bilayer. (Ionic
detergents are more efﬁcient but are not as selective, and tend to
denature the protein being isolated). These operational deﬁnitions
may also include proteins that do not penetrate the bilayer very far
but are membrane-bound by a lipid modiﬁcation. By these criteria, a
small fraction of the total cellular tubulin is found to be integral to
various cellular membranes. Brief reports from a number of
laboratories suggest that despite the many similarities to cytoplas-
mic tubulin, there may be minor differences in composition, in
detergent extractability from the membrane, thermal stability, and
hydrophobicity.
The efﬁcacy of detergent extraction of the tubulin within
membranes has differed between laboratories. Most reports ﬁnd
non-ionic detergents such as NP-40 and Triton X-100 readily release
tubulin from membranes e.g. [7,20,21,54,108]. However, several
reports state that only ionic detergents can extract all of the tubulin
from membranes [9,22,55,109].
Bhattacharyya and Wolff [20] obtained enzymatically identiﬁed
plasma membranes from brain (synaptosomes) and thyroid that
exhibited the following properties: 1. tubulin in the membrane and
the isolated tubulin therefrom bind colchicine and vinblastine with
afﬁnity constants comparable to those of cytoplasmic tubulin. 2. The
isolated tubulin shows SDS/PAGEmigration identical to gel patterns of
soluble brain tubulin. 3. Antibody against soluble brain tubulin titrated
bothmembrane-bound and extracted tubulin; this also suggested that
the tubulin was not trapped inside vesicles. 4. Metabolically labeled
tubulin extracted from brain membranes co-polymerized with
cytoplasmic brain tubulin to constant speciﬁc activity during repeated
cycles of polymerization [110]. 5. An important ﬁnding that the
tubulin actually resides within the phospholipids of the membrane,
i.e. in a medium of low water content and low dielectric, was its
markedly increased thermal stability. Thermal stability is character-
istic of enzymes in organic solvents and is proposed to result from
being “kinetically trapped in the native state” partly because of the
enhanced strength of electrostatic forces in the low dieleletric
environment [111–113]. Thermal stability has also been observed for
tubulin in other membrane preparations [71,108]. Such tubulin
returned to normal stability after extraction from the membrane. In
a detailed study of platelet membrane tubulin b1% of membrane
proteinwas found to be tubulin. This had a colchicine (KD=1 μM) and
vinblastine binding afﬁnity like that of cytoplasmic tubulin, was
readily extracted by NP-40, and reacted with antibody to platelet
tubulin. As with brain and thyroid membrane tubulin, a difference
from cytoplasmic tubulin was its high thermal stability while in the
membrane [108]. Other evidence for the ‘buried’ nature of integral
membrane tubulin is shown by its relative inaccessibility toward
proteolysis in synaptosomal membranes in contrast to cytoplasmic
tubulin [80,102,104].
Finally, tubulin extracted from a variety of membranes has been
shown to be hydrophobic by its ability to distribute into the detergent
phase of Triton X-114 whereas cytoplasmic tubulin remains in the
aqueous phase. As mentioned above, membranes from liver and
kidney contain little hydrophobic tubulin [60] and only a small
fraction of tubulin from T. brucei, or the so-called membrane/
axonemal matrix tubulin is distributed to the detergent phase of X-
114 [67,114].3.1. Palmitoylation
One mechanism by which soluble proteins can be attached, and
perhaps incorporated into membranes is by lipid modiﬁcation [115].
Tubulin contains neither the N-terminal glycine nor the C-terminal
CAAX box, hence it cannot be myristoylated or prenylated. It does,
however, contain a number of reactive cysteines in both monomers
[77], hence it is a potential substrate for palmitoylation (to
thioestrers) that can occur anywhere in the protein and is reversible.
At present it is not entirely clear whether palmitoylation occurs only
enzymatically or also via spontaneous S-acylation. In vitro both
monomers are palmitoylated by palmitoylCoA, and ∼6 of the twenty
SH groups are acylated in the native state while 13 are accessible with
mild denaturants. These thiols are far less accessible in the micro-
tubule. The altered tubulin binds colchicine normally but polymeriza-
tion competence is diminished [116].
Tubulin palmitoylation occurs in human platelets, PC-12 cells,
yeast, and in cell-free preparations using crude liver membranes.
Hydroxylamine hydrolysis points to thioester linkage as the major
product, but a signiﬁcant amount is resistant suggesting the
possibility of O- or N-acylation [117–119]. Colchicine and nocodazole
inhibit palmitoylation by a mechanism not yet understood; as does
taxol-induced polymerization to microtubules. In human leukemic
lymphocytes clinical levels of vinblastine inhibit palmitoylationwhich
may contribute to the apoptosis resulting from this drug [120].
Sequence analysis revealed thatαcys376 was the most heavily labeled
[121]. This is known to be a highly reactive thiol [77]. Other thiols are
labeled to a lesser extent. The same cysteine is labeled in yeast where
it seems to affect astral microtubules [122]. In PC-12 cells the bulk of
the tubulin-bound palmitate is found in the plasma membrane
fraction with less in membranes from the endoplasmic reticulum
[123]. Palmitoylation is also important for the insertion of tubulin
linkers into membranes (see below).
In addition to acetylation and palmitoylation, several other post-
translational modiﬁcations of tubulin were previously suggested as
mechanisms for membrane attachment but these roles have not been
conﬁrmed. This includes glycosylation and tyrosinolation (reviewed
by Stephens [124]) but has not been conﬁrmed. Nevertheless, tubulin
can be glycosylated under high glucose load with loss of polymeriza-
tion competence [125] and α-tubulin can be O-substituted with N-
acetyl glucosamine [126]. In α-tubulin the coded C-terminal tyrosine
can be removed and replaced enzymatically. The detyrosinolated
form was thought to be that present in the membrane [23,127,128],
but others suggest that de-tyrosinolation may disconnect micro-
tubules or tubulin from the membrane [129] and the issue is not
settled. The difﬁculty in deciding whether a modiﬁcation steers
tubulin to a membrane or results from prolonged residence there has
been pointed out [130].
3.2. Surface labeling
The above ﬁndings imply that tubulin attaches to the membrane
via the cytoplasmic leaﬂet of the plasma membrane. How far it
penetrates is not disclosed. Possible tubulin penetration as far as the
outer leaﬂet can be assessed by surface labeling in intact cells even
though it seems counterintuitive for such a sulfhydryl-rich protein to
be exposed to the oxidative world outside the cell. Nevertheless,
external labeling has been shown. To be convincing such labeling
depends critically on the impermeant nature of the label. The ﬁrst
demonstration of this approach was carried out with beads carrying
labeled colchicine (without spacer) [131]. The surface of pigeon
eythrocytes (known to contain tubulin, unlike human erythrocytes)
becomes coated with colchicine/sepharose beads with typical
colchicine binding characteristics: coating is inhibited in the cold, by
free colchicine, but not by inactive lumicolchicine/sepharose (Fig. 1).
Since colchicine extends at most 11–12 Å into the membrane, its
Fig. 1. Surface labeling of pigeon erythrocytes with colchicine-labeled sepharose beads
at 37 °C. Top panel — note membranes covered with colchicine-bearing beads; bottom
panel — control with the same beads but in the presence of 5 mM free colchicine.
Similar controls are obtained at 0 °C (where colchicine binding does not occur) or in the
presence of sepharose beads bearing inactive lumicolchicine. Reproduced with
permission from Ref. [131].
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surface, suggesting deep penetration of tubulin into the membrane.
Similar conclusions were reached by radiolabeling with imper-
meant reagents such as iodogen, lactoperoxidase-catalyzed iodina-
tion, or charged ligands. Here, however, the danger that neutral I2, that
may be formed, can penetrate the lipid phase must be controlled by
showing that internal proteins are not iodinated. Cell surface tubulin
was shown in neuroblastoma cells [55], on transformed but not
normal lymphocytes [132] and in a lymphoblast line [133, 134]. The
labeled tubulin can be removed by gentle trypsinization but this
procedure may not be unambiguous. The latter authors ascribed the
extreme vinblastine sensitivity of these cells to the presence of surface
tubulin. The critical uncertainty in such studies is the possibility of
externally adsorbed tubulin.
In addition, surface binding of anti-tubulin antibodies to intact cells
has shown the presence of tubulin at or near the external surface of the
plasma membrane. Fluorescence analysis cannot distinguish between
surface labeling and the sub-membranous cortex, hence great care
must be taken to assure that themembrane has remained intact during
the procedure. Examples are found in a monocyte cell line and in
trypanosomes [132,135,136]. Precisely where, on or in themembrane,
the detected tubulin is, remains unanswered and it may be difﬁcult to
guarantee that this is not some form of tightly bound external tubulin.
3.3. Lipid rafts
Lipids and their associated proteins are distributed inhomogen-
eously in cell membranes into various microdomains. One of these isthe lipid raft which is thought to be in a liquid ordered phase
(enriched in glycosphingolipids and cholesterol); it is highly dynamic
and is immiscible in the non-raft liquid disordered phase. Rafts may
contain certain channels, receptors, transporters, signal transduction
molecules and some proteins, whereas other proteins are excluded.
Their number and size varies with the method used to identify them.
Operationally they are deﬁned as Triton X-100 resistant, insoluble in
the cold, and of low buoyant density; they are often called detergent
resistant membranes (DRM) or detergent insoluble glycolipid-
enriched domains.
The presence of tubulin in rafts has been frequently reported,
especially for neural tissue and myelin, although estimates of the
amounts vary widely [119,137-145]. There is no agreement as to
whether the tubulin concentration in rafts is greater or less than in
non-raft domains, but special circumstances may shift tubulin from
low to high density membrane fractions [146] and, presumably, back.
Some tubulin attachment appears to occur via binding to gangliosides
[119,143,147]. It is not clear whether or not this modiﬁcation occurs in
the membrane or before the membrane is reached. GM1 and GM3
gangliosides co-localize with α-tubulin in rafts [148] and some
tubulin is directly attached, as shown by cross-linking to photo-
activatible gangliosides [119]. Many more cases show raft association
via complexes or linker proteins that are often palmitoylated, such as
the tubulin binding proteins SCG-10 [137] and the microtubule
binding protein, tau, [138,145]; bindingmay bemediated by receptors
or bifunctional linkers (see below) and, perhaps, by +end directed
proteins that have complicated terminations in the cell cortex. E.g.
intact microtubules retain adenylyl cyclase in lipid raft domains,
whereas microtubule disassembly shifts the enzyme to heavier
membrane domains thereby relieving tonic inhibition of the cyclase
[149].
Most of the attention devoted to tubulin in rafts has concentrated
on α-/β-tubulin. By contrast, a signiﬁcant amount of γ-tubulin is
found in detergent resistant membranes where it has been shown to
nucleatemicrotubule assembly in conjunctionwithmembrane-bound
Fyn kinase and PI3 kinase [150]. It will be interesting to see whether
nucleation of microtubules at other membranes, e.g. the apical
membrane of Drosophila wing epidermal cells [151], requires γ-
tubulin. However, what fraction of total γ-tubulin is present in plasma
membrane in these preparations is not given. Because γ-tubulin
nucleates microtubules in other locations this important new ﬁnding
deserves further attention.
Often associated with lipid rafts are caveolae, the scaffolded
membrane trafﬁcking vesicles than contain caveolins 1, 2 and 3 as
well as tubulin. Since caveolae are transported along microtubules,
it is difﬁcult to know the extent that the presence of tubulin derives
from transport events as opposed to residence in the plasmalemma.
Nevertheless, caveolins are thought to be the linker between
membrane and tubulin. Tubulin and caveolin co-localize to the
cell cortex or membrane (within the limitations of ﬂuorescence
techniques) [149, 152], and over-expression of caveolins 1 or 3
increases the fraction of cellular tubulin in the polymer state; this is
thought to be due to attenuation of the inhibitory effect of stathmin
[153].
3.4. Coated vesicles
A different, but poorly understood, type of tubulin/membrane
association has been reported in vesicles with or without the
presence of triskelions. Firm attachment of tubulin with membranes
came to light in 1983 in numerous studies of clathrin-coated vesicles
from brain and liver, whose membranes derive from the plasma
membrane [154, 155]. Tubulin was identiﬁed by: SDS gels and
isoelectric focusing, anti-tubulin antibodies, and co-precipitation
with anti-tau antibodies. This association did not, at ﬁrst, seem
surprising since these vesicles are transported along microtubules,
Fig. 2. The role of non-ionic detergent hydrophobicity on protein extraction from
membranes. Tubulin extraction from declathrinated liver membranes (A) is compared
with D-alanine carboxypeptidase extraction from B. subtilis as a function of the
hydrophile/lipophile balance (HLB) number of detergents. Modiﬁed from Ref. [161].
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vesicle membranes. Bothα- and β-monomers were tightly bound at a
constant stoichiometry with clathrin. However, strong binding
persisted even after clathrin was removed from the membrane (see
below); there was tubulin binding to the triskelion, and certain
microtubule preparations contained as much as 10% contamination
with coated vesicle proteins [156].
Our own experience with coated vesicles is with declathrinated
membranes from cow and rat brain (provided by Greene, L.E. and
Eisenberg, E. [157]) as follows (Wolff, J. and Knipling, L. 2000,
unpublished): In these preparations α- and β-tubulin are the most
abundant proteins despite many attempts to remove these. They still
react with antibodies, can be palmitoylated in vitro, and show little
difference from cytoplasmic tubulin by narrow range isoelectric
focusing. Only a small fraction enters the detergents phase of Triton
X-114. Less than half of the protein is extracted with non-ionic
detergents (Fig. 2) and, using various detergents, there is not the
sharp extraction optimum for detergent polarity (measured by the
HLB — hyrophile/lipophile balance number, a commercial scale of 1–
20 with increasing hydrophilicity of the detergent) that is often seen
with integral membrane proteins, e.g. [158]. It is possible that lack of
extractability by neutral detergents could mean membrane attach-
ment of a detergent resistant oligomer or aggregate because ionic
detergents such as SDS and cetyl tetramethyl ammonium bromide
completely solubilize all of this resistant tubulin. Total tubulin
extraction is also achieved with 6 M guanidinium choride or 9 M
urea suggesting that this tubulin might be an oligomer or complex not
covalently attached to the membrane. Tubulin is also reported in
detergent resistant aggregates of superoxide dismutase 1 associated
with amyotrophic lateral sclerosis [159].
Why this form of tubulin is so ﬁrmly bound remains to be
elucidated but several modes of attachment to coated vesicles have
been proposed. These include linkage via Tau protein [154] and
microtubule-associated protein 2 (MAP2) [160,161]. Other linkers
making this connection are thought to belong to the membrane-
speciﬁc family of the hetero-tetrameric adaptor proteins (AP-1,2,3,4)
which promote triskelion assembly, anchorage to the membrane and
possibly other functions. For the plasma membrane α-adaptin (or AP-
2) appears to fulﬁll this linker function [162,163]. Complexes that
contain clathrin, AP, and tubulin may also be associated with G
proteins during their endocytic recycling, e.g. the GABA and
muscarinic receptors [164], the metabotropic glutamate receptor
[165], or ligand-gated ion channels [166,167] discussed below.
Regulation of these processes is complex, and the precise role of the
associated tubulin is not at all clear at present.4. Functions of integral membrane tubulin
In the study of plasma membrane tubulin function several caveats
must be kept in mind: Tubulin can bind to more than one hundred
proteins in vitro, sometimes with a known functional consequence,
often not. Whether or not the same occurs in vivo is more difﬁcult to
prove, nor is the signiﬁcance of proximity (e.g. by ﬂuorescence
techniques) established. Co-localization of several proteins to mem-
branes by ﬂuorescence overlap mostly occurs in an undeﬁned area
called the cell cortex and often one cannot distinguish between
membrane and the sub-membranous domain. Moreover, it must be
remembered that ﬂuorescent microtubules may break up upon
irradiation [168], and image rotation is desirable to make sure that
ﬂuorescent overlay actually means contact. Secondly, too many
conclusions have been made from the use of antimitotic drugs.
Because their many effects occur throughout the cytoplasm, assign-
ments to speciﬁc tubulin-associated loci, e.g. the membrane, are at
best uncertain, telling only that microtubules are somehow involved
in the process under study. We have attempted to limit the use of such
data. Finally, in many of the tubulin effects listed below actin may also
be involved directly or indirectly. For example: microtubules are
targeted to focal adhesion sites via plus end tracking proteins such as
CLIP170 and come within b50 nm of the substrate as measured by
total internal reﬂection ﬂuorescence microscopy, but this may be the
result of the fact that microtubules confer polarity upon the actin
involved in the adhesions [169].
4.1. Membrane microviscosity
So far we have shown what happens to tubulin while in the
membrane environment: thermal stability, colchicine binding, surface
labeling, reaction with antibodies, and partial protection against
proteolysis. We can now ask what does integral tubulin do to the
membrane environment? It has been surprisingly difﬁcult to answer
this question. In contrast to their effect on microtubules, it is generally
stated that colchicine or other anti-microtubule drugs have little effect
on membrane ﬂuidity as e.g. in isolated membrane from leukocytes,
CHO cells or in artiﬁcial membranes as measured by ﬂuorescence
anisotropy or spin label methods for both lipids and membrane
proteins [170–172]. However, small increases in motional freedom of
spin-labeled fatty acids in membranes of human erythrocytes (which
contain no microtubules and probably no tubulin) result from
colchicine treatment [173], suggesting caution in interpretation.
When tubulin is present colchicine effects may be related to the
conformational change in β-tubulin produced by colchicine [174]
rather than on microtubule disassembly. Microtubules can make
direct contact with membranes in vitro as measured by ﬂuorescence
resonance energy transfer (FRET) between ﬂuorescent tubulin and
ﬂuorescent membranes [175] as well as by electron microscopy.
Whether or not such a connection is made by nucleation via γ-tubulin
[150] or +end tracking proteins, etc. remains to be established. Such
contacts tend to restrict membrane ﬂuidity (increase membrane
microviscosity) and motility of markers in the membrane. De-
polymerization of microtubules by colchicine analogues, nocodazole
or vinblastine, increases ﬂuidity (decreases microviscosity) and
relieves motional restriction of markers [170,172,176–178]. As men-
tioned above, interpretation of such data is not straightforward. The
markedly reduced microviscosity that occurs with phagocytosis [170]
may result by removal of label from more viscous domains of the
plasmamembrane (rafts) to the ﬂuid phase, a prescient suggestion for
the possible existence of rafts. On the other hand, the mobility
(rotational diffusion) of some receptors, e.g. the occupied or
unoccupied LH receptor of Leydig cells, is not affected by colchicine
[179]. In addition, microtubule depolymerizing drugs decrease
membrane potential in CHO cells and taxol increases it; these effects
are absent in mutants that cannot accumulate such drugs [180]. The
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4.2. Effect on membrane proteins
Numerous other attempts have been made to understand the role
of tubulin in membrane function. What has evolved appears to be a
ragbag of observations mainly based on drug-induced microtubule
depolymerization which are difﬁcult to interpret; but a few
experiments have provided clues as to what the dimer might be
doing in the membrane. A complex between the plasma membrane
Na+, K+-ATPase and obligatorily acetylated α-tubulin in various cell
lines and tissues has been demonstrated by immunoprecipitation.
This association is thought to induce hydrophobic behavior in tubulin
as shown by promotion of tubulin entry into the detergent phase of
Triton X-114 and, by inference, residence in the membrane. The
membrane tubulin leads to inhibition of the enzyme in a concentra-
tion-dependent manner; 1 mM glutamate disrupts the complex and
restores enzyme activity, whereas deacetylase inhibitors prolong
inhibition [64,65,181,182]. Others have reported an association be-
tween the α3 enzyme subunit and β3-tubulin isotype [183]. Similar
association has been found in S. cerevisiae between acetylated tubulin
and the H+-ATPase. In this case the hydrophobic complex is
disrupted by 1 mM glucose with loss of acetylated tubulin from the
cell cortex area and activation of the enzyme [63].
It must be pointed out that little effort has, so far, been expended
on which isotype of α- or β-tubulin is in the membrane or tightly
associated with it. However, recent ﬁndings suggest that γ-tubulin
may play an important role in promoting microtubule nucleation at
the membrane in conjunction with Fyn and PI3 kinases [150]. Any
other specialized roles that γ- (and possibly also δ- and ɛ-) tubulins
may play at the plasma membrane have yet to be explored.
5. Peripheral membrane tubulin
The term ‘membrane tubulin’ has become increasingly vague and
now seems to include, in addition to integral tubulin, less ﬁrmly
bound tubulin via lipid modiﬁcations but still requiring detergent
extraction, and peripheral tubulin with a variety of less direct
connections to the plasmalemma: as free tubulin dimers, as tubulin
in complexes, or as intact microtubules attached to membranes
directly or via linker proteins. Tubulin in the cell cortex but not
attached to the membrane has led to additional confusion. While a
clear division between these categories has not always been possible,
it is convenient to deal with them as separate entities, one primarily
dimer binding and/or the requirement for depolymerization, the
other polymer (i.e. microtubule) binding.
Despite the presence of the cortical actin network, tubulin or
microtubules are involved in an astonishing number of functions at or
near the plasma membrane as shown by binding to the respective
membrane proteins or their linkers, but their precise role there is
often less clear. The association with the cytoplasmic face of
membranes (or in some cases with the cell cortex) is likely to have
less stringent polarity requirements than those for integral membrane
tubulin, yet aside from charge-based interactions between tubulin and
linkers, little is known of the structural or chemical basis for such
binding.
5.1. Cilia
There has been considerable uncertainty about the nature of the
tubulin associated with ciliary membranes. For efﬁcient beating it
seems obvious that there should be connections between the outer
doublet microtubules and ciliary membranes, but it is not clear
whether this is by direct contact of the axoneme with the membrane
or, more likely, by linkers, particularly dynein (see [124,184]). Theabundant quantities of tubulin remaining attached to ciliary, and some
ﬂagellar, membrane preparations have received much attention from
R.E. Stephens and W.L. Dentler, in Aequipecten and Tetrahymena
(reviews [124,185]: see also [186]). The large proportion (up to 60%) of
the membrane protein as tubulin is too high to be embedded in the
bilayer [187], although artiﬁcial membranes with high tubulin content
can be prepared [84]. It is more likely that a less ﬁrmly attached form
of tubulin is present in this fraction which will thus have cytoplasmic
characteristics [188,189]. Because of this complexity the original
designation of this as “membrane tubulin” has been revised to the
“membrane-periaxonemal” fraction [190]. So what are the properties
of this tubulin?
1. It binds colchicine.
2. It contains numerous isoelectric variants [191].
3. Tryptic and CNBr peptides show small differences from cytoplas-
mic tubulin. Whether differences are the result of isotypes or post-
translational modiﬁcations is not clear [127]. Among other
differences the α-tubulin of the A tubule of the axoneme is mostly
tyrosinated, whereas the B tubule is polyglycylated on both
monomers [192,193].
4. Although the axonemes are probably not directly connected to the
membrane, ciliary tubulin can form large and relatively stable
complexes with membrane phospholipids or with lecithin/
cholesterol mixtures together with numerous other membrane
proteins [67,114].
5. Only a very small fraction of the membrane/periaxonemal tubulin
partitions into the detergent phase of Triton X-114. [67,114].
6. Ciliary membrane tubulin is not metabolically labeled with
palmitate [194].
7. When using more rigorous methods of de-ciliation and membrane
preparation, removing much of the adhering cytoplasmic tubulin,
only modest amounts of ‘membrane tubulin’ (1–2%), typical of
other plasmamembranes, are found [195–198]. This is true also for
primary cilia [199].
For these reasons it seems best to class the bulk of what had been
called ciliary membrane tubulin in this fraction as being cytoplasmic
in nature, a much smaller portion being integral to the ciliary plasma
membrane or, at least, more ﬁrmly attached [188,189]. The connection
between membrane and axonemal portions of ciliary tubulin by
dynein mentioned above, perhaps with integral membrane tubulin,
the nature of the Y-shaped connector seen by EM, participation of
other linkers, or even of γ-tubulin, deserves further exploration.
5.2. Dimer binding
There is ample evidence that reversible binding occurs in
signiﬁcant amounts and with high afﬁnity. The most detailed analysis
of tubulin binding to membranes was carried out with liver by
Bernier-Valentin et al. [17]. Labeled rat brain tubulin bound to liver
plasma membranes (and mitochondrial and secretory granule
membranes) with a KD=0.15–0.3 μM in a temperature and time-
dependent, saturable, reversiblemannerwith a Hill coefﬁcient of∼1.0.
Similar results were obtained with rat brain plasma membranes
(KD=85 nM). The tubulin remained completely detectable with
antibody, hence it was not trapped in vesicles. The amounts bound far
exceeded the 0.2–0.4% of intrinsic membrane tubulin.
How is this peripheral tubulin attached to the membrane?
Organelles such as lysosomes, mitochondria, secretory granules,
microsomes, etc. carry tubulin on their cytoplasmic surfaces
[17,24,200,201]. With isolated plasma membranes there is consider-
able uncertainty regarding the location of added tubulin; is it to the
cytoplasmic or exoplasmic face because there may be right side out,
inside out, open vesicle or fragmented membranes. Moreover, the
high content of phosphatidyl serine on the cytoplasmic surface may
create problems of charge repulsion. We have shown above that
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membrane, but it has not been established that this tubulin acts as
linker for peripheral tubulin on either face with the possible exception
of γ-tubulin [150]. A number of other potential linkers that may have
been involved in these studies have been identiﬁed by co-immunopre-
cipitation or tubulin afﬁnity columns. Two of these (70 and 45 kDa)
have not been further identiﬁed [202] and a 50 kDa protein from
lysosomal membranes that bound tubulin with a similar afﬁnity as the
membranes has not been described in plasma membranes [200].
However, there is no indication as to which face of the plasma
membrane these proteins occupy. In situ the bulk of the peripheral
tubulin obviously attaches to the cytoplasmic face via connections to ?
integral tubulin, receptors or receptor-linked proteins as described
below. Nevertheless, there is some evidence for tubulin binding to the
exoplasmic face in selected cells such a primary neuronal cells,
neuroblastoma cells but not glioma cells [202], and normal and
transformed lymphocytes. In the latter the binding was of low afﬁnity,
not saturable, and occurred with complex kinetics [134]. However, it is
not clear how long a 20 thiol proteinwould survive outside the reducing
environment of the cell interior, and artifacts are hard to rule out.
Another possible tubulin binding moiety at the cytoplasmic face is
provided by the gangliosides in the membrane. Direct binding of
tubulin to lipid rafts in cerebellar granule cells is mediated by
ganglioside introduced into the cells. GM1 gangliosides containing a
photo-activatable cross-linker yield tubulin from detergent resistant
membrane fractions. This does not occur with an equivalently labeledFig. 3. Membrane linkers for microtubules. (A) T. brucei isolated membrane to which micr
microtubules. pm = plasma membrane; mt = microtubules. Bar=0.125 μm. Reproduced
microtubules attached to the plasma membrane by linkers. These can be detached and re
Tetrahymena cilia showing linkers between plasma membrane and outer doublet microtu
(Periplaneta americana) with linker from the outer mitochondrial membrane to a microtubphosphatidyl choline [119,143]). Other evidence for direct membrane
attachment of tubulin is lacking.
5.3. Microtubule-plasma membrane linkers
A vast collection of events occurring at the cell cortex are thought
to require the participation of microtubules. In many cases this
conclusion is based solely on the disruption of the polymer by drugs,
which may, however, indicate indirect involvement. In some cases
interaction with the cortical actin network has been demonstrated
(e.g. focal adhesions). In others, binding of microtubules to mem-
brane-associated proteins is shown by co-immunoprecipitation or by
overlay of the ﬂuorescently labeled partners (with limitations
discussed above). Many of these interactions have been reviewed
[203–205], yet in only a few of these has it been shown what the
function of the linked microtubule means to the plasma membrane or
its receptors. An evolutionarily early example of linkage of a
cytoskeletal protein to the plasma membrane is the ﬁnding that
FtsZ, a bacterial homologue of tubulin, involved in the formation of the
cytokinetic Z ring (with the help of other proteins), is tethered to the
cell membrane by the protein FtsA via an essential C-terminal
amphipathic helix [205]. In higher organisms, there is abundant
electron microscopic evidence of such connections, particularly in
lower eukaryotes where complex mechanical actions appear to be
mediated bymicrotubules linked to the plasmamembrane. In many of
these pictures the nature of the linker is not known. In Fig. 3.otubules have remained attached. Note linkers to the plasma membrane and between
with permission from [206]. (B) Isolated membranes from Distigma proteus showing
-attached experimentally. ×95,000. Reproduced with permission from Ref. [207]. (C)
bules. ×88,000.reproduced with permission from Ref. [184]. (D) Insect mitochondria
ule. ⁎=disconnected linker. ×470,000. Reproduced with permission from Ref. [208].
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membrane preparations from (A) trypanosomes, see also [209,210];
(B) the unicellular alga Distigma proteus [208] and other algae [211];
similarly beautiful microtubule arrangements along plasma mem-
branes are found in ﬂatworms[212], in Selenidium fallax [213], Para-
mecium caudatum [214] and plants [215]; Fig. 3C shows cilia from
Tetrahymena, where the linker is thought to be outer arm dynein. In
rat photoreceptors this linker makes a Y-shaped connection to the
ciliary membrane [216]. In addition, there is compelling electron
microscopic evidence for microtubule linkage to mitochondrial
membranes (D). Layers of microtubules around mitochondria are
particularly striking in axons [217]. Although beyond the scope of this
review, such linkage, or the presence of tubulin dimers in/on the outer
mictochondrial membrane, interacting with members of the BCl2
family, the voltage-dependent anion channel (VDAC), or other surface
proteins, are likely to be important in understanding respiration and
the apoptotic effects of many of the antimitotic drugs [24,218].
Linkers are often bifunctional proteins that can undergo lipid
modiﬁcation (prenylation, palmitoylation and myristoylation) for
membrane insertion, and often contain basic clusters or speciﬁc
recognition domains for attachment to tubulin. Examples of this are:
1. The neuron speciﬁc SCG10 (superior cervical ganglion) protein, a
growth cone promoter and amember of the stathmin (Op18) family of
regulators of microtubule dynamics that also includes SCLIP and RB3.
SCG10 primarily destabilizes the minus end of microtubules as
opposed to plus end destabilization for stathmin [219]. Although
SCG10 has 70% sequence identity with cytoplasmic stathmin, it has
two cysteines at its N-terminus (C22 and C24) not present in
stathmin; these can be palmitoylated to anchor it to membranes
where it ﬁnds its way into lipid rafts [137,220]. It binds two GDP-
tubulin dimers via a very longα-helix [29], and may sequester tubulin
or prevent addition to plus ends because of the curved conformation.
2. A functionally related protein is HPC-1/Syntaxin A, a 35 kDa
neuronal membrane protein with a tubulin binding domain like tau
and MAP2. It binds tubulin dimers but not microtubules, inhibits
microtubule assembly and/or shortens them, and regulates neuro-
transmitter release [221].
3. In a similar manner, CLIP-59 (Cytoplasmic Linker Protein), a
member of the CLIP-170 family, has two palmitoylation sites at its C-
terminus that steer it to rafts to serve as linkers for tubulin dimers in
preference to microtubules; thus it appears to diminish anchoring
activity for microtubules [141]. These, and other members of the +TIP
family of proteins such as APC, CLASPS, the dynein/dynactin complex,
etc., may require an anchoring machinery for attachment to the
plasma membrane [222].
4. 2′,3′-Cyclic nucleotide 3′ phosphodiesterase (CNP), is both
palmitoylated and prenylated for membrane attachment and serves as
a microtubule anchor through a basic cluster in its C-terminus. In
thyroid cells inhibition of prenylation prevents microtubule anchoring
to the plasma membrane [89,223,224], in turn leading to microtubule
retraction and shrinking of cells. Functionally related proteins (CRMP2
(collapsin response mediator protein-2) and possibly cypin (cyto-
plasmic PSD95 interaction)) also preferentially bind tubulin dimers
over microtubules, leading to neurite extension; they may also act as
membrane anchors [225,226]. In oligodendrocytes (and COS cells),
CNP and tubulin co-immunoprecipitate, co-polymerize, and co-
localize near the cell edge, and it has been suggested that CNP/
tubulin complexes are present in lipid rafts [224]. Binding of CNP to
tubulin has a large electrostatic component, but requires a hydro-
phobic component as well.
A similar arrangement occurs in K-Ras, a small protein that is
prenylated and has a lysine cluster; both are required for linking
microtubules to the membrane [87]. Tubulin has a saturable binding
site for a prenylated, lysine-containing decapeptide (resembling the
C-terminus of K-Ras) with a KD of 40 nM [86]. Since certain Ras-
related proteins that are prenylated and contain lysine clusters do notbind to microtubules, additional recognition sites appear to be
required in K-Ras.
5. An ion channel protein, the purinergic receptor, P2X2, which is
gated by ATP, binds βIII-tubulin with its C-terminal basic cluster and a
proline-rich region, as detected by overlay experiments and by
comparison with the appropriate C-terminal peptides. It is suggested
that this association is involved in regulation of desensitization [166].
However, tubulin binding to the N-terminus has also been reported
when the protein is in an intracellular location [227].
6. A more complex (sequential) binding model has been suggested
inwhich Fyn kinase anchors to the membrane, then binds tau protein,
which, in turn, attaches to microtubules by the usual mechanism seen
in the cytoplasm [138]. A similarly complex arrangement occurs for
human B leukemia cells inwhich the antigen receptor binds a complex
of mb-1/B29 proteins which, in turn, attaches β-tubulin [228].
7. One member of the multidrug-resistant (MDR) P-glycoprotein
family (ABCB1) has a cytoplasmic linker domain containing three
tubulin binding sequences [229]. The sequence with the highest
afﬁnity (SRSLLIRKRSTRRSVRGSQA) is strongly basic and contributes
electrostatic forces (that probably interact cooperatively [41]) to the
binding process. Although it was proposed that binding is promoted
by phosphorylation, it seems more likely that charge–charge interac-
tions predominate and that phosphorylation diminishes these.
8. Perhaps the most thoroughly studied system is the adenylyl
cyclase/G protein pathway. During the hey-day of adenylyl cyclase
studies it was inevitable that a role should be sought for tubulin in its
regulation. Initially these employed microtubule depolymerization to
enhance stimulation of β-adrenergic, adenosine and prostaglandin
receptors, and ‘direct’ activation by forskolin, on the assumption that
increased lateral mobility of receptors in the membranemight explain
these effects. Subsequently it was found that addition of puriﬁed
tubulin dimers to cyclase preparations caused the stimulation [230–
232]. Although adenylyl cyclase can contaminate puriﬁed tubulin
[233], the clariﬁcation of the role of tubulin in receptor responses
shifted to the G proteins, especially by the work of Rasenick and
coworkers. They provided evidence for interlocking mechanisms by
which tubulin regulates G protein-coupled receptors which depend
on dissociation of the trimer into its α- and βγ-subunits. In the ﬁrst,
tubulin acts as a GTP exchange protein, transferring its GTP to Gαs,
Gαi or Gαq despite the presence of an excess free GTP. The Gα units
bind tubulin with a KD∼0.13 μM. A computational model for this
interaction, based on covalent binding of Gsα peptides to cellulose
membranes, suggested that tubulin occupies the GTPase domain; at
the same time this domain surrounds the E site for GTP of β-tubulin
[234] thus facilitating exchangewithout contributions from GTP in the
solvent. This interaction explains the increase in tubulin GTPase
activity promoted by Gα and the subsequent deplomerization of
microtutules. The presence of tubulin at this surface prevents binding
of Gβγ. One may wonder whether the exposed Gsα surface on
cellulose is the same as when attached to the phospholipid matrix of
the membrane, or whether the intrusion of the Gsα domain could
affect the equilibrium between the α- and β-monomers of tubulin.
The GTP exchange enhances β-adrenergic stimulation of adenylyl
cyclase in COS cells [235], and the muscarinic pathway to phospho-
lipase C (PLCβ1), whereas Gαi-modulated receptors are further
inhibited [88,236,237] and references therein; [235]. With the
phospholipase system tubulin binds both to PLCβ1 and PIP2 the
substrate (phosphoinositide bisphosphate) (see section on Acidic
phospholipids). Gα-induced depolymerization of microtubules in the
cell cortex will increase the free tubulin dimer concentrationwhich, in
turn, is believed to promote G protein activation. At the same time
the βγ-subunits of the G proteins also bind tubulin, promote its
polymerization, and reduce the free dimer concentration, again
illustrating the ‘antagonism’ between the G protein subunits
[105,167]. Thus, G proteins are among the many proteins that regulate
microtubule assembly [238], be it through electrostatics or more
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etc. Many global effects resulting from microtubule disruption by
colchicine, etc. on signaling have been interpreted on the basis of this
model e.g. [239,240]. Tubulin also binds to the G-protein receptor
kinase 2 (GRK2) which phosphorylates it [241]. Another small G
protein, Rac1 (but not RhoA) binds to tubulin and microtubules, but it
has not been establishedwhether this occurs at the plasmamembrane
or during intracellular trafﬁcking [242]. It has been proposed that
these events may occur in caveolae/lipid rafts, and that cytoskeletal
disruption alters caveolae enough to release constraints on cAMP
production [149].
Some problems with these proposals are that cortical microtu-
bules are mostly covered with plus end tracking proteins [243] that
may remain attached in the dimer. Moreover, the released tubulin is
likely to be GDP-tubulin and will itself have to exchange with GTP
before acting as an exchanger. A number of guanine nucleotide
exchange factors are bound to microtubules and may also be involved
in GTP delivery [244]. The relative rates of these processes will
impact GTP delivery. Moreover, the fact the cytoplasmic G proteins
also interact with tubulin complicates membrane-based explanations
for the role of tubulin, although there may be some thermodynamic
advantage since membrane-bound G proteins have fewer degrees of
freedom.
The muscarinic receptor-linked phospholipase D2 (PLD2) is
similarly associated with tubulin in COS7 and PC12 cells as shown
by reciprocal immunoprecipitation. This association leads to inhibi-
tion of enzyme activity. PLD2 is in the membrane and its stimulation
recruits tubulin to the cell cortex and/ormembrane.When the tubulin
dimer is rerouted to microtubules by taxol, there is no membrane
translocation of tubulin [245].
9. An extreme example of charge-based interactions occurs with
myelin basic protein (MBP) whose most basic splice form has a charge
of +19 (per 18.5 kDa) which binds to tubulin electrostatically and to
membranes by charge and hydrophobic forces to facilitate spacing of
the multilammellar myelin sheath [246].
5.4. Receptors
When plasma membrane fractions are used it must be remem-
bered that such preparations may be contaminated with vesicles or
their fragment, transporting receptors to and from the plasma
membrane. In addition to microtubules, actin, other cytoskeletal
proteins, as well as motor proteins, participate in these processes (e.g.
KIF17), but these will not be discussed here. Receptors may bind
microtubules, tubulin or both, but binding tubulin does not necessa-
rily imply a known functional role. When MAPs (microtubule-
associated proteins) are involved, they may act either as linkers
between microtubules and receptors or passively by stabilizing
microtubules attached to receptors. Nor is it clear whether tubulin
or linkers interact solely with a receptor protein or also with the lipids
of the membrane. With these caveats in mind we can summarize the
connections between receptors and tubulin at three different levels of
organization: a) via one or more linker proteins; b) by direct linkage
between microtubules (or dimer) with a cytoplasmic loop of the
receptor; or c) by interaction with integral tubulin within the
membrane. This distinction is not always obvious e.g. among the
many proteins found in the post-synaptic density including linker
proteins [247], tubulin and MAPs may contribute as much as 14%
[248]. A number of linker proteins have been identiﬁed; some act in
conjunction with additional proteins.
5.4.1. Metabotropic glulamate receptors
The glutamate receptor family consists of metabotropic and
ionotropic subtypes [247]. A number of these have been shown to
interact with microtubules or tubulin, primarily at the synapse but
also at other locations; this is often shown with ﬂuorescent anti-tubulin antibodies whose location may be imprecise vis a vis the
membrane.
5.4.1.1. GABARAP. The GABA (γ-aminobutyric acid) receptor is a
post-synaptic GABA-gated chloride channel producing inhibitory
signals in the brain. It is clustered, maybe through linkage to the
cytoskeleton via a cytoplasmic loop, and its membrane localization is
dependent on intact microtubules [249]. The linker to microtubules,
called GABARAP (GABA receptor-associated protein), is a 14 kDa,
bifunctional protein that binds to both receptor and to microtubules
(or tubulin) probably through lipid modiﬁcation and a basic domain
which, like some other linkers, has substantial similarity to the N-
terminal domain of MAP1A/1B (microtubule-associated proteins)
with a calculated pI=9.8 for amino acids 1–22. The solution structure
suggests that in the absence of tubulin the N- and C-termini interact,
and it is proposed that competing tubulin binding may provide a
“conformational trigger” or regulatory function [250]. GABARAP binds
to microtubules with a 40 Å spacing like that of monomer spacing in
the polymer. Not surprisingly, the linker promotes tubulin polymer-
ization, although it is likely that there are contributions to binding
other than electrostatic. In addition, it has been shown that GABARAP
is lipid-modiﬁed by phosphatidyl ethanolamine (at the C-terminal
Gly) which probably contributes to its membrane residence [251].
5.4.1.2. Gephyrin. Another inhibitory post-synaptic receptor similar
in many ways to the GABA receptor is the glycine receptor (GlyR), a
ligand-gated chloride channel also linked to microtubules. Its linker,
gephyrin, is a much larger protein (93 kDa) than GABARAP but, like
GABARAP, it promotes GlyR distribution to the post-synaptic mem-
brane and its clustering (possibly with the aid of cytoplasmic dynein).
It is attached to the cytoplasmic face of the membrane [252], binds
cooperatively to tubulin with an apparent KD=2.5 nM in isotonic
solutions, and to microtubules with a stoichiometry of 1 gephyrin per
4 tubulin dimers. Thus, at prevailing tissue concentrations of tubulin,
it is likely that gephyrin is constantly occupied by tubulin or
microtubules. Disruption of microtubules by demecolcine interferes
with clustering of GlyR. One of its domains shows sequence similarity
to the microtubule binding repeats of MAP2 and tau protein, likely
contributing to its microtubule binding [253]. Like GABARAP, gephyrin
is multifunctional in that it has an enzymatic role in the synthesis of
the molybdenum cofactor, Moco [254] whereas GABARAP has
ubiquitin-like properties.
Certain of the metabotropic receptors (mGluR1a/b and probably
also mGluR5) interact with dimeric GDP-tubulin with a KD of 2.3 μM,
an afﬁnity much smaller than the interaction with gephyrin (see
above) [255], and receptor activation recruits tubulin to the
membrane [165]. Again, coupling to tubulin or microtubules is
electrostatic between basic amino acids in the linker or cytoplasmic
receptor loops and the acidic C-termini of both tubulin monomers. In
most of the GluR's a basic tetrapeptide in the intracellular C-terminal
region subserves this interaction. One would predict that, as in the
case ofMAPs, phosphorylationwould abolish these effects. It would be
interesting to see whether or not tubulin S, lacking the bulk of the
acidic C-termini [256,257] would fail to connect to gephyrin or other
family members. Basic patches appear to inhibit receptor interaction
with G proteins, phospholipase C, etc., thus, one might envision a
regulatory function for tubulin or microtubules by neutralizing these
charges [258]. Additional forces also contribute as shown by C-
terminal deletion experiments with mGluR7 [259].
Another electrostatic regulatory step in the activity of the mGluR's
involves MAP2 (microtubule-associated protein 2) and its alternate
splice forms which promote microtubule assembly and stability.
Binding of MAP2 to microtubules is inhibited by phosphoinositides, a
product of the stimulation of the mGluRs [97]. This suggests a feed-
back inhibition of microtubule stability with changes in the tubulin
dimer concentration and hence the activity of the receptor [199].
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The ionotropic GluRs are excitatory; while stimulated by natural
amino acids, they are named after more active ligands and are called
NMDA (N-methyl-D-aspartate), AMPA (amino-methyl-isoxazolepro-
pionic acid) or kainate receptors.
5.4.2.1. NMDA Receptor. Afﬁnity columns using soluble C-terminal
fragments of NMDA receptor (called NR1 and NR2B) capture tubulin as
well as MAP2 [260], as does reciprocal co-immunoprecipitation with
antibodies toNMDAandMAP2. It isnot yet clearwhether there is adirect
linker function forMAP2 [261] or whether this association occurs at the
plasma membrane or during transport [262]. Several factors inﬂuence
binding to the cytoskeletal components. The association is Ca++-
dependent, which is important since NMDA receptors promote Ca++
inﬂux (a direct effect on tubulinpolymerization is unlikely [263]), and it
is sensitive toMAP2phosphorylation.Binding is lostduringtissueanoxia
resulting in proteolytic loss of MAP2. Since the ligand-binding cleft in
NR1 is activatedbyclosureof its twoarms, it is tempting to speculate that
the presence of tubulin there may regulate this process [264].
Another example of tubulin/channel interaction is found in the
family of transient receptor potential (TRP) proteins, non-selective
cation channels such as TRPC1 which brings β-tubulin to the
cytoplasmic face of the membrane [265]. One member, TRPV1
(vanilloid/capsaicin) receptor probably involved in pain reception,
binds tubulin dimers and microtubules, stabilizes certain microtu-
bules and makes them less Triton X-100 extractable. As with so many
tubulin binding proteins, the interaction is promoted by electrostatic
forces between the acidic C-termini of α- and β-tubulin and two C-
terminal basic clusters (pI∼11.2 and 12.6) of TRPV1 [266 and Refs.
therein]. Since the basic residues are placed to one side of amphiphilic
helices it is likely that they make highly cooperative contributions to
binding [41]. Removal of the acidic tubulin C-termini (tubulin S)
abolishes the interaction with TRPV1. The precise contribution of
tubulin to channel activity is, nevertheless, not clear except for a
possible role in assuring membrane residence. Other members of the
TRP family (involved in mechanosensing and cell volume control) also
contain basic clusters involved in tubulin interactions [266]. It is
interesting that two members of this group, TRPC5 and 6, also interact
with the Na+/K+ ATPase, which itself binds tubulin (see above) [267].
Channel activity of another member of the TRP family, polycystin-2,
present in primary cilia of renal epithelial cells (whose mutations lead
to polycystic disease), is regulated by intact microtubules, but in this
case via linkage with KIF3A, a motor subunit of kinesin-2 [268].Table 2
Tubulin linkers at the plasma membrane.
Linker or membrane protein Binding partners to tubulin and commen
Neuronal protein NP185 Also binds clathrin
FHIT (Fragile Histidine Triad) Not usual electrostatic binding
Paxillin LIM2 and 3 via actin (MT) tip complex
P-glycoprotein (ABCB1) Via basic clusters and phosphorylation
Coxsackie/Adeno-Virus receptor (CAR)
46 kDa Glioma cells
KD(T)=1 μM; KD(MT)=32 nM palmitoy
Ankyrin Hela cells 1 Ankerin/4(T) dimers KD(T)=2–4 μM
Guanylate cyclase rod outer segment Complex with Cyclase Activating Protein-
Neural Cell Adhesion Molecule (NCAM 140
and 180)
Large cytoplasmic domain of transmemb
protein
Cadherin family Transmembrane, binds (T) via motors or
CLIP170, ? to (MT)
Semaphorin 6A Sema domain and βIII-tubulin and β-acti
RhoA Basement membrane regulation
EB1 (end binding) protein) APC Adenomatous Polyposis Coli ? +Tips
anchoring machinery
α-Synuclein (Lewy Bodies) ?Tau protein, promotes assembly
Merlin, tumor suppressor in Schwann cells Various receptors
Heag — potassium channel Tubulin binds to C-terminus
Abbreviations: (T) = tubulin; (MT) = microtubules.5.4.3. Other linkers
An incomplete list of other receptor-microtubule linkages is
assembled in Table 2. Although tubulin or microtubule participation
in various processes is listed in the table, their precise contribution
remains to be worked out. It must be pointed out that while such
associations are well documented, the molecular mechanisms by
which tubulin inﬂuences the behavior of membrane proteins remain,
with the exception of microviscosity, electrostatic interactions, and
GTP exchange, for the most part, unknown. Much important work on
the chemical nature of these liaisons has yet to be done.
Linker proteins between microtubules and the plasma membrane
have also been observed in plants. Cross bridges are formed to the
inner leaﬂet of the plasma membrane, and in some cases attachment
appears to occur via a Ca++-dependent lipid-binding domain.
Microtubules that are attached to these membranes are cold-stable
[284]. Moreover, microtubules remain attached to protoplast ghosts
prepared from tobacco BY-2 (bright yellow) cells [285,286], appar-
ently bymeans of a stable linker. In one case a 90 kDa phospholipase D
has been shown to connect microtubules to the plasma membrane of
BY-2 cells [287]. Such a phospholipase D is also present in Arabidopsis
and Dictyostelium. Tubulin afﬁnity columns collect this enzyme from
BY-2 extracts, it co-sediments with taxol-stabilized microtubules, and
co-localizes with tubulin in protoplasts. Phospholipase D also
decorates microtubules in vitro. An extracellular protein, extensin,
regulatesmicrotubule attachment to this transmembrane enzyme and
this arrangement steers cellulose deposition to the cell wall [62]. It has
also been proposed that the deposition of cellulose in Arabidopsis by
the membrane-bound cellulose synthase hexamer is guided by sub-
membranous microtubules [288] possibly by γ-tubulin [289].
6. Conclusions and speculations
The classiﬁcation of membrane-associated proteins as being either
integral or peripheral is no longer sufﬁcient to describe the multiple
modes by which proteins may become attached to membranes. It is
important to recognize gradations in the degree of attachment,
although a clear division between them cannot always be achieved.
Extraction criteria do not necessarily illuminate the depth of protein
penetration into the bilayer since lipid modiﬁcations of proteins,
including prenylation, myristoylation, and reversible palmitoylation,
have permitted ﬁrm attachment without signiﬁcant penetration of the
remaining protein. Only palmitoylation applies directly to tubulin and
O- and N-acylation, in addition to thioester formation, known to occurts Function Refs.
Membrane docking [269]
Tumor suppressor Ap3A hydrolase [270]
Regulate focal adhesions [169,271]
Multi-drug resistance [229]
lated Tumor suppressor, increased Taxol sensitivity [272]
?Linker to MAPs [273]
1 ?Ca++/cGMP signaling [274]
rane Binds phospholipase Cγ [275]
Intercellular adhesion [276]
n ?Drug resistance [277]
Epithelial–mesenchymal transition during
gastrulation
[278]
Tumor suppressor polarized membrane extension
and spindle orientation
[279] [280] [222]
Attenuates/stabilizes dopamine transporter [281]
Link early endocytic vesicles to (MT) [282]
Activates channel kinetics [283]
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modiﬁcation may apply to its linkers. The interesting recent sugges-
tion that a well embedded membrane protein (e.g.Na+K+ATPase) can
bring a cytoplasmic protein into the lipid phase requires further
examination. The electron or X-ray diffraction structures of tubulin do
not show long enough hydrophobic regions to suggest the presence of
transmembrane helices. There are, however, smaller hydrophobic
surface patches and tubulin interacts with ﬂuorescent dyes, deter-
gents and phospholipids, that can penetrate artiﬁcial membranes or
vesicles. Whether these properties or palmitoylation are sufﬁcient to
explain deep bilayer penetration or merely local attachment of this
very polar protein is not clear. We do not know what fraction of the
integral membrane tubulin is plamitoylated or by how many
palmitates. Sufﬁce it to say that some tubulin seems to be detectable
from both faces of the membrane, may have restricted accessibility to
proteases, and ﬁnds itself in an hydrophobic environment as judged
by marked thermal and decay stability only when in the membrane.
Finally, tubulin extracted from membranes distributes to the deter-
gent phase of Triton X-114 indicating a modicum of hydrophobicity.
Whether or not this results from palmitoylation, from attachment to
certain membrane proteins such as certain ATPases, G proteins, or yet
other factors, remains to be veriﬁed.
We are thus faced with a dilemma. On the one hand, tubulin is
embedded in the membrane suggesting hydrophobic properties. On
the other hand, the forces that permit this highly polar protein to reside
in the lipid domain of the membrane have not been satisfactorily
explained. The name amphipotential has been applied to tubulin but
this only describes the observed effects, not the mechanism.
The participation of ‘peripheral’ tubulin/microtubules in mem-
brane-based phenomena is widespread but complex and there are
multiple levels of organization. Direct contact of tubulin dimers or
microtubules with the membrane can occur, yet most such contacts are
mediated by linker proteins. There is ﬁrm evidence for reversible, high
afﬁnity dimer (or small oligomer) binding to membranes, although
whether the binding partner is lipid, integral membrane tubulin,
another protein, or a combination of these, is often not settled. Some
evidence for direct microtubule contact with membranes and proteins
therein (e.g. γ-tubulin), has been presented but it is always difﬁcult to
rule out the participation of linker proteins. Although hydrophobic
interactions are not excluded, a surprising number of these peripheral
associations are mediated by electrostatic interactions between basic
patches in the linker (or receptor) and the acidic C-termini of α- and β-
tubulin. The C-termini of tubulin (and in microtubules where they
protrude from the body of the protein), long thought to be a curiosity
involved in the dimer/polymer equilibrium, thus assume a very
important additional role in these interactions. The mechanistically
most insightful example for the action of the C-termini of αβ-tubulin at
the membrane has just appeared [290]. The C-termini penetrate and
block the voltage-dependent anion channel (VDAC) of the outer
mitochondrial membrane and thereby block the passage of adenine
nucleotides through the channel. Tubulin lacking the C-termini (tubulin
S) will not work and it is predicted that branching modiﬁcations of
the C-termini (glutamylation or glycylation) will be too big to ﬁt the
channel. This is a powerfulmodel for those plasmamembrane receptors
or channels that show a requirement for the C-termini mentioned
above. By contrast, the membrane ‘ends’ of the linkers are often
substituted by lipid modiﬁcations promoting attachment to the
plasmalemma, or they interact speciﬁcally with receptors, etc.
As for the function of ‘membrane’ tubulin, there is often
uncertainty whether or not the effect is due to dimer, microtubules,
or both; in a number of cases the protein or receptor in question binds
tubulin and is also affected the microtubule depolymerization.
Furthermore, a distinction between events in the cell cortex, on the
plasma membrane, or in the membrane is often lacking. Problems
arise from the almost universal use of drugs that inﬂuence
microtubule assembly — these have many distant effects in thecytoplasm that complicate interpretation; e.g. does the effect of taxol
imply a marked reduction in dimer pool, a loss of microtubule
dynamicity, an effect on the Golgi, etc.? The drugs also affect the
conformation of the dimer per se and hence its effectiveness. Given
these caveats what do membrane tubulin or microtubule/membrane
contacts do? In only a few cases is this known.1. Microtubules regulate
membrane ﬂuidity (microviscosity). It is not clear whether or not
tubulin within the membrane may also be involved. 2. ‘Integral’
tubulin (acetylated on αLys40) regulates Na+K+ATPase and certain
other membrane ATPases. 3. Tubulin may act as a GTP exchanger for
certain G protein-regulated receptors and may have additional
regulatory functions there. 4. Several receptor-linked phospholipases
interact with tubulin leading to control of function. 5. Some proteins
that bind tubulin may sequester it and thus regulate its participation
in other reactions or steer it into rafts, etc. 6. Many plasma membrane
receptors are linked to the cytoskeleton, directly or via linker proteins,
including glutamate receptors and certain channel proteins that have
been studied in detail. But the precise role of tubulin linked to
receptors remains to be elucidated in most cases. Conversely, linkers
may have an effect on microtubule assembly, exhibiting properties
like MAPs, and they may be necessary for microtubule-based
maintenance of cell shape, etc. What is largely missing in under-
standing themany effects of tubulin in cellular processes is whether or
not speciﬁcity for a particular function can be achieved by selection
among the 5–8 isotypes in α- and β- (and possibly γ, δ or ɛ) tubulin.
The choice is enormously expanded by the 7–8 post-translational
modiﬁcations available to tubulin. A number of these will impact
participation of tubulin or microtubules at the plasma membrane.
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